Purpose To investigate the in vivo effects of tissue factor pathway inhibitor 2 (TFPI-2), which stimulates proliferation of retinal pigment epithelial cells, but not the proliferation of fibroblast and vascular endothelial cells in vitro, on retinal degeneration using a sodium-iodate (SI)-induced model in rabbits and Royal Collage of Surgeons (RCS) rats. Methods 79 mg of recombinant TFPI-2 (rTFPI-2) or vehicle alone was injected intravitreously to 18 eyes of 12 pigmented rabbits a day after 20 mg/kg of SI was intravenously administered. Retinal function was assessed 4, 7, 14, and 21 days after the injection by analysing amplitudes of the c-wave of a bright flash electroretinogram. Additionally, 10 mg of rTFPI-2 or vehicle alone was injected intravitreously to 11 eyes of RCS rats at both 3 and 4 weeks old, then the retina was examined histologically at 5 weeks old. Results The rTFPI-2-treated eyes in rabbits showed a significantly less decrease in the relative amplitude of the c-wave than control eyes on days 4 and 7. The thickness of the outer nuclear layer was significantly thicker and the vacuole in the photoreceptor layer was less frequently observed in the rTFPI-2-treated RCS rats than the controls. Conclusions Intravitreal injection of TFPI-2 rescues SI-induced retinal degeneration in rabbits and naturally occurring retinal degeneration in RCS rats at least partly. These results may suggest that this compound can be utilized in the treatment of retinal degeneration.
Introduction
Retinal degeneration is a pathological process characterized by a progressive loss of visual function. Using linkage analyses, as well as candidate gene approach, previous investigators have identified more than 100 causative genes or their loci (RetNet: http:// www. sph. uth. tmc. edu/Retnet/). Regardless of the diversity of the causative genes, the pathway that ultimately leads to the cell death in the retina is shared. Previous studies have demonstrated that the retinal degeneration in an animal model is partly rescued by several growth factors, including basic fibroblast growth factor (bFGF), presumably by inhibiting the apoptotic process.
1,2 However, these factors stimulate proliferation of fibroblast 3 and vascular endothelial cells, 4 and are involved in detrimental processes such as proliferative vitreoretinopathy [5] [6] [7] [8] and preretinal or subretinal neovascularization, [9] [10] [11] [12] suggesting that other compounds without the adverse effect of fibroblast or endothelial growth are necessary to achieve the establishment of pharmaceutical therapy for the retinal degeneration.
Tissue factor pathway inhibitor 2 (TFPI-2) is a multifunctional glycosylated protein also known as placental protein 5 or matrix serine protease inhibitor. TFPI-2 is thought to be involved in the coagulation cascade, 13 as well as the proliferation of smooth muscle cells 14 and inhibition of matrix metalloproteinase, 15 although the mechanism of action is still unclear. It was recently reported that TFPI-2 has unique functional properties to stimulate the growth of RPE cells without the growth stimulatory functions on fibroblasts and vascular endothelial cells. 16 In some groups of retinal degeneration, the RPE is affected primarily, and the degeneration in the neural retina is the secondary process. 17, 18 So it is possible that TFPI-2 can ameliorate the progressive loss of visual function due to the loss or dysfunction of the RPE. In this study, we investigated the effects of TFPI-2 on the RPE function after the retinal degeneration was induced by sodium iodate(SI) in Dutch rabbits, using the electrophysiological analysis. In addition, we investigated the effects of TFPI-2 on the retinal degeneration in Royal College of Surgeons (RCS) rats carrying the mutation mertk gene 19 and losing the proper phagocytotic function of RPE. 20 
Materials and methods

Plasmid construction
Full-length human TFPI-2 was amplified by polymerase chain reaction from a placental cDNA library and ligated between EcoRI and KpnI sites of mammalian expression vector pSRa (pSRaRPE27). The sequences of the primers used are available on request from the authors. The sequence of PCR product was confirmed by sequencing analysis.
Transfection and purification of recombinant TFPI-2
Recombinant TFPI-2 was generated as previously described in detail. 16 Briefly, CHO cells were transfected with pSRaRPE27 together with pAd DHFR plasmid vector by lipofection using lipofectin (GIBCO BRL, Rockville, MD, USA). The cells were grown and selected in aMEM supplemented with 10% foetal calf serum (FCS) in the absence of folic acid and followed by methotrexate selection. The selected cells were grown in aMEM supplemented with 10% FCS in a 150 cm 2 flask. At confluency, the medium was replaced with serum-free medium and was changed every other day nine times. The supernatant was applied to S-Sepharose FF column. Following sample application, the column was washed with 20 mM sodium citrate and 0.2 M NaCl, and was eluted with 20 mM sodium citrate containing 0.4 M NaCl. The eluent was added with trifluoroacetic acid (TFA) at a final concentration of 0.1%, and injected to a Resouce RPC column using high-performance liquid chromatography. The column was eluted with a gradient formed from 0.1% TFA in 0-70% acetonitrile at a flow rate of 1%/1 ml/1 min. The recombinant TFPI-2 (rTFPI-2) fraction was diluted with 40 mM phosphate buffer (pH 7.2) and applied to SP-Sepharose FF column. The column was eluted with 20 mM phosphate buffer containing 0.45 M NaCl. The resultant purity of recombinant TFPI-2 was 97% by sodium dodecylsulphate-polyacrylamide gel electrophoresis analysis.
Animals
In all, 12 pigmented Dutch male rabbits were obtained from Kitayama Labes (Nagano, Japan). Before the experiment, the rabbits were kept in 12 h light: 12 h dark cyclic lighting in our animal rooms for longer than 1 week. Six RCS rats were obtained from CLEA Japan (Shizuoka, Japan). All procedures conformed to the ARVO Resolution on the Use of Animals in Research.
Sodium iodate-induced model for retinal degeneration in rabbits
The retinal degeneration model in rabbits was created by the intravenous injection of SI as described elsewhere. 21 Briefly, the rabbits received intravenous injection of 20 mg/kg SI (Kanto Kagaku, Tokyo, Japan) diluted in saline at a concentration of 20 mg/ml. One day after the SI injection, the rabbits were anaesthetized with a combination of 30 mg/kg of ketamine hydrochloride (Ketalar s ; 50 mg/ml, Sankyo, Tokyo, Japan) and 5 mg/ kg xylazine hydrochloride (Celactal s ; 20 mg/ml, Bayer, Tokyo, Japan); the left eyes received intravitreal injection of 79 mg of rTFPI-2 in 0.1 ml of phosphate-buffered saline (PBS) and the right eyes received PBS alone as controls. Nine rabbits were used for electroretinogram (ERG) study, and three rabbits for histological examination.
ERG was performed in a standard fashion just before and 4, 7, 14, and 21 days after the SI was injected. Nine rabbits were dark-adapted for 1.5 h and anaesthetized with ketamine and xylazine as described above. The pupils were maximally dilated with drops of 10% phenylephrine and 1% tropicamide (Mydrin P; Santen Pharmaceutical, Osaka, Japan). Then bright flash ERG was recorded using an Ag-AgCl contact-lens electrode (WLS-20; Tomey, Nagoya, Japan) placed on the cornea, which was lubricated with one drop of 1.5% hydroxyethylcellulose (Scopisol s 15, Senju Pharmaceutical, Tokyo, Japan). A reference electrode was placed on the ear lobe, and a ground electrode was placed on the thigh. The stimulus light (1000 lux, 5.5 s) was emitted by light emission diode (LED) in the contact-lens electrode (WLS-20), and the response was amplified using a direct-current amplifier (AD-641G, Nihon Kohden, Tokyo, Japan) with a bandpass to 10 kHz, and displayed on an oscilloscope (VC-11, Nihon Kohden, Tokyo, Japan). The amplitude of the c-wave was measured from the prestimulus baseline to the positive peak of the c-wave.
In addition, for the purpose of histological examination, three rabbits were killed 4 days after the SI was injected. The eyes were immediately enucleated, and fixed in 4% glutalaldehyde for 1 h, followed by 10% formalin. They were then transferred into 70% ethanol and processed for paraffin embedding. Once embedded, 4.0 mm sections of tissue were prepared for staining with haematoxylin and eosin (H&E).
Effect of TFPI-2 on the retinal degeneration in RCS rats
In all, 11 eyes of six RCS rats were used. General anaesthesia was induced with an intraperitoneal injection (1000 ml/kg) of a mixture (5:1 in volume) of ketamine hydrochloride (Ketalar s ) and xylazine hydrochloride (Celactal s ), and then 10 mg of rTFPI-2 in 10 ml of PBS (n ¼ 5) or PBS alone as controls (n ¼ 6) was injected into the vitreous cavity similar to the previous studies. 1 All eyes had two of injections of either the drug or the vehicle alone at 3 and 4 weeks old. At 5 weeks old, the rats were killed by an overdose of diethyl ether, and the eyes were immediately enucleated, and subjected for histological analysis.
After the eyes were enucleated, they were fixed in 4% glutalaldehyde for 1 h, followed by 10% formalin. They were then transferred into 70% ethanol and processed for paraffin embedding. Once embedded, 4.0 mm sections of tissue were prepared for staining with H&E. In lightmicroscopic examination, the vertical thickness of the outer nuclear layer (ONL) in the sensory retina was measured. Three measurements were performed in each specimen, and the mean value was used for analysis.
Statistical analysis
For the comparison of the c-wave amplitude between the rTFPI-2-treated eyes and the control, a paired t-test was used. For the comparison of the ONL thickness in RCS rat between the rTFPI-2-treated eyes and the control, Mann-Whitney U test was used. A P-value less than 0.05 was considered significant.
Results
Effect of rTFPI-2 on RPE damage by SI
In order to investigate the effects of TFPI-2 on the retinal degeneration, we first used SI-induced retinal degeneration in Dutch rabbits, and the effect of TFPI-2 on the RPE was investigated by the analysis of c-wave in ERG (Figure 1a ). After 4, 7, 14, and 21 days, the mean amplitude of the c-wave from the control eyes was reduced to 39, 47, 69, and 75%, respectively, of the value before the SI-injection, essentially similar to the previous studies. [21] [22] [23] In contrast, the mean amplitude of the c-wave from the rTFPI-2-treated eyes was 84, 83, 88, and 95% after 4, 7, 14, and 21 days, respectively. There was a significant difference in the relative amplitude of the c-wave between the control and the rTFPI-2-treated eyes after 4, 7, and 14 days, suggesting accelerated recovery of the RPE function or protection of RPE from apoptosis.
Effect of rTFPI-2 on the retinal degeneration in RCS rats
Next, to investigate the effect of rTFPI-2 on the retinal investigation in RCS rats, we injected TFPI-2 into the vitreous cavity similar to the previous studies.
1 At the age of 5 weeks, the thickness of the ONL was significantly thicker in the rTFPI-2-treated rats compared with the control (Figure 2a) . We also found that the vacuole in the photoreceptor layer was less frequently Figure 1 Effect of intravitreal rTFPI-2 injection on the RPE function of SI-induced rabbits. (a) The amplitudes of the c-waves in the rTFPI-2-treated eyes (solid line) and the control eyes (dashed line) 4, 7, 14, and 21 days after SI injection. All values are expressed as that before the injection of SI is 100%. Each data represents a mean value, and error bars are standard errors of the mean. The rTFPI-2-treated eyes showed a significantly less decrease in the c-wave amplitude after 4, 7, and 14 days than the control eyes (paired t-test; * : P ¼ 0.007, 0.001, and 0.017 after 4, 7, and 14 days, respectively). Representative sections from rTFPI-2-treated (b) and control (c) eyes 4 days after the SI injection. Note that there seems more RPE cells in the rTFPI-2-treated eye than the control eye. Scale bars, 25 mm. 
Discussion
It was previously demonstrated that the c-wave in the ERG originates from the change in potassium concentration at the apical membrane of the RPE. 21, 24, 25 SI degenerates the RPE and breaks down the integrity of the apical RPE cell membrane, leading to diminish or decrease the amplitude of the c-wave 21, 23 immediately after SI is injected. Subsequently, the RPE regenerates and the integrity of the RPE is recovered 1-2 weeks after the injection of SI. [26] [27] [28] Similar to previous studies, 21 we analysed the function of RPE by the amplitudes of the c-wave in the ERG and confirmed that the functional loss of RPE was highly reproducible. Our results demonstrated that the RPE function is relatively spared in SI-induced damage in rabbits after the intravitreal administration of rTFPI-2. This effect could be attributed either to the trophic or the proliferative effect of TFPI-2 on RPE cells. There seemed more RPE cells in the rTFPI-2-treated eyes 4 days after the SI injection (compare Figure 1b and c) , supporting the fact that TFPI-2 stimulated RPE growth. However, the patchy degeneration of the RPE and the migration of RPE cells into the neural retina precluded the quantitative analysis of RPE proliferation. Further studies are necessary to elucidate the mechanism underlying our observation in Dutch rabbits. Our results also demonstrated that photoreceptor cell loss is rescued by the administration of rTFPI-2 in RCS rats. Different from the SI-induced degeneration in rabbits, the retinal degeneration in RCS rat results from impairment of phagocytosis of photoreceptor outer segment, and not from the decrease in the number of the RPE cells. 17 Thus, even if TFPI-2 stimulated the growth of the RPE cells, it is unlikely that the resultant increase in the number of the functionally abnormal RPE cells could contribute to the decreased degeneration of the neural retina. Thus, our results imply that TFPI-2 ameliorates the retinal degeneration, not by the growth stimulatory effect but by the trophic effect, at least in RCS rats. Since previous investigators have demonstrated that several growth factors can function to prevent retinal cell apoptosis, 29 it is possible that TFPI-2 possesses anti apoptotic properties. Growth factors such as basic FGF can partially rescue retinal degeneration; however, the growth stimulatory effects on other cell types are problematic. 7, 8, [10] [11] [12] 30 Although further studies are necessary, in the light of our observations, we believe TFPI-2 can be utilized without such adverse effects in the treatment of retinal degeneration. Quantitative analysis revealed that the ONL thickness in the rTFPI-2-treated eyes was significantly more than the control eyes (Mann-Whitney U test; P ¼ 0.011). Representative sections from rTFPI-2-treated (b) and control (c) eyes. Note that the vacuole in the photoreceptor layer was less frequently observed in the rTFPI-2-treated rats. Scale bars, 10 mm.
